In this paper, the heat transfer performances of aluminum metal foams, placed on horizontal plane surface, was evaluated in forced convection conditions. Three different types of contacts between the sample and the heated base plate have been investigated: simple contact, brazed contact and grease paste contact. First, in order to perform the study, an ad hoc experimental set-up was built. Second, the value of thermal contact resistance was estimated. The results show that both the use of a conductive paste and the brazing contact, realized by means of a copper electro-deposition, allows a great reduction of the global thermal resistance, increasing de facto the global heat transfer coefficient of almost 80%, compared to the simple contact case. Finally, it was shown that, while the contribution of thermal resistance is negligible for the cases of brazed and grease paste contact, it is significantly high for the case of simple contact.
Introduction
Open-cell metal foams are a relatively recent class of materials that have been becoming popular in many research fields. Such materials are characterized by interesting properties from a structural as well as a thermal point of view. In particular, metal foams possess lightweight structure, high surface area-to-volume ratio and they are able to enhance flow mixing and increase turbulence. These features make them suitable for a wide range of heat transfer applications [1, 2] .
In light of growing industrial interest towards metal foams, several studies have been carried out in order to model metal foams structure and characterize their thermal behaviour. Comprehensive reviews of thermal models for metal foams can be found in [3, 4] . Many studies focus on the design and optimization of manufacturing processes [5] [6] [7] [8] , while others are aimed to define and determine the metal foams thermal properties [4, 9, 10] , In particular, Bhattacharya et al. [9] conducted analytical and experimental investigation in order to determine several properties of metal foams, such as: effective thermal conductivity, permeability and inertial coefficient. In their work, they introduce a theoretical model in which the complex interconnected array of fibres characterizing commercially available metal foams is represented as a two-dimensional array of hexagon cells. Another model is the one proposed by M. Bai et al. [11] , which describes the metal foam geometries by adopting diamond-shape unit cells. By employing this model, the authors estimate the heat transfer capabilities of a foamed channel, obtaining good agreement with results from numerical simulations.
Furthermore, in the literature, there exists a significant body of research aimed at studying the heat transfer performance of metal foams in natural convection. Some of these works are conducted by modelling the involved phenomena via local thermal equilibrium [12, 13] , while few studies are based on the local thermal non equilibrium approach [14] [15] [16] . Among the others, we
The influence of TCR on effective thermal conductivity and heat transfer coefficient is still an open issue. In fact, from the literature analysis it emerges that there is still a lack of knowledge regarding the influence of the joining method on the global heat transfer coefficient for metal foams.
The aim of this work was to investigate the effects due to the use of different types of contact between the foam and the heatsink on the thermal performance of aluminum foams in forced convection. In particular, three cases were considered: (i) simple contact; (ii) metal foam connected to the hot plate by a layer of thermal grease; (iii) metal foam brazed on the hot plate. The global thermal resistance was evaluated for all the cases analyzed. Moreover, both the thermal contact resistance and the thermal convective resistance contributions were estimated, thus providing a new insight on the impact of the contact solution on the thermal heat transfer for aluminum foams.
Experimental (Materials and Methods)
The first step of the experimentation was aimed to evaluate the heat transfer performances of aluminum metal foams placed on horizontal plane surface, heated from the bottom, in forced convection conditions. In particular, an experimental setup has been implemented in order to investigate the effects due to the thermal contact resistance between metal foam and heated plate on the global heat transfer coefficient U.
Cubic samples of 50 mm side have been used for all the cases analyzed. All the considered samples are obtained by cutting the same sheet of metal foam, which is made by aluminum alloy AlSi7Mg0.3 with nominal bulk thermal conductivity in the range 160-180 Wm −1 K −1 at 20 • C. Therefore, the foam samples are characterized by nominally identical material properties and geometrical parameters. These are reported in Table 1 .
In order to obtain a uniform distribution of the heat flow from the heater to the metal foam sample, a flat 10 mm thick aluminum plate, with same base dimension of the sample, has been placed between them. Therefore, to acquire the temperature at the interface between the sample and the plate, two K-type thermocouples have been placed into two horizontal holes, of 1.5 mm diameter, drilled into the sides of the plate, both to a distance of 1 mm from the foam base. However, in order to obtain an accurate representation of the thermal gradient across the foam base, the holes are located in two different positions: one in the middle of one side of the plate (20 mm deep) and the other in one of the corners (5 mm deep). At the bottom face of the plate a custom-made heater has been collocated. The heater has been realized by means of a printed circuit (whose thermal conductivity is about 3 W/mK), which function is to distribute the heat uniformly all over the bottom surface of the aluminum plate. In Figure 1 is clearly visible the labyrinth path of the circuit and the two edges where the wires are welded on. 
Design of Experiments
Three different types of contacts between the foam and the heated plate have been analyzed:
(1) simple contact; (2) heatsink compound paste; (3) brazed contact. 
(1) simple contact; (2) heatsink compound paste; (3) brazed contact.
For each case, different trials have been performed imposing the following array of differential temperature between the hot surface and the ambient: ∆T = 30, 50, 70, 90, 110 • C.
Despite brazed and grease contacts are not very affected by the pressure applied on the top of the foam, in case of simple contact, the contact resistance is instead strongly influenced by the pressure between metal foam sample and heated plate. In fact, in this case, an applied pressure deforms the pins in contact with the flat surface. Therefore, for the case of simple contact, it was necessary to ensure a certain load on the top of the sample. To accomplish this purpose, a 1 kg weight has been positioned onto the top surface providing a static, uniform and constant pressure, between the foam and the plate, for the entire duration of the experiment.
As far as case (2) is concerned, 3 g of a conductive grease (silicone thermal grease, k paste = 5 W/mK, ρ paste = 2.3 g/cm 3 ) are spread between the hot plate and the sample. The main role of thermal grease is to eliminate air gaps at interface in such a way to maximize the heat transfer between foam and plate. This aspect is crucial in metal foams, where the air gap between the hot plate and the metal foam is comparable to the characteristic length of the metal foam.
In case (3) the aluminum metal foam samples are brazed on the hot plate with a brazing alloy 60 Sn-40 Pb. However, since aluminum surfaces have a bad wettability by tin alloy, an electrodeposition of copper is made on both metal foam and hot plate surfaces, before brazing. In order to realize such a treatment, both the foam and the hot plate are preliminary sand blasted, in such a way to eliminate the oxides from the surfaces. Later, the aluminum foam and the aluminum plate are immerged in a solution of SO 4 together with a copper electrode. The system is then connected to a DC generator [31] .
In Figure 2 a schematic representation of the different types of contact studied is shown. 
Setup Description
The experimental setup was designed and optimized in such a way to allow the testing of each of the three different types of contact. To accomplish this purpose, a three-dimensional CAD model by using SolidWorks was preliminary realized. The final configuration is shown in Figure 3 . 
The experimental setup was designed and optimized in such a way to allow the testing of each of the three different types of contact. To accomplish this purpose, a three-dimensional CAD model by using SolidWorks was preliminary realized. The final configuration is shown in Figure 3 . The experimental setup consists in an open wind tunnel square cross-section, made of 10 mm thick Plexiglas (thermal conductivity is 0.25 W/mK), which air flow section measures 50 × 50 mm 2 and it is extended for 100 mm. The size of the wind tunnel was chosen in such a way to ensure an unidirectional and sufficiently uniform air inflow. On the other hand, we assume the length of the outlet region not to be a critical parameter for the present analysis. Therefore, the overall size of the tunnel was finally designed on the base of constructive aspects. The lateral sides of the Plexiglas housing insulate the aluminum plate, while two other blocks of Plexiglas, having same thickness of the plate, are inserted at inlet and outlet of the tunnel, respectively, to ensure the insulation along the stream-wise direction. In addition, a thin layer of high temperature insulation paper is placed between the aluminum plate and the lateral sides of the Plexiglas housing. All the sides are bolted together in order to provide the same closing force for each trial. At the interior of each panel, a high temperature rubber insulator has been glued for avoiding air lack across the foam. The upper part of the rig is capable of sliding through guides and it has been used for distributing the load pressure for the case of simple contact. At the inner section of the case a 12 V DC vent is located for driving the The experimental setup consists in an open wind tunnel square cross-section, made of 10 mm thick Plexiglas (thermal conductivity is 0.25 W/mK), which air flow section measures 50 × 50 mm 2 and it is extended for 100 mm. The size of the wind tunnel was chosen in such a way to ensure an unidirectional and sufficiently uniform air inflow. On the other hand, we assume the length of the outlet region not to be a critical parameter for the present analysis. Therefore, the overall size of the tunnel was finally designed on the base of constructive aspects. The lateral sides of the Plexiglas housing insulate the aluminum plate, while two other blocks of Plexiglas, having same thickness of the plate, are inserted at inlet and outlet of the tunnel, respectively, to ensure the insulation along the stream-wise direction. In addition, a thin layer of high temperature insulation paper is placed between the aluminum plate and the lateral sides of the Plexiglas housing. All the sides are bolted together in order to provide the same closing force for each trial. At the interior of each panel, a high temperature rubber insulator has been glued for avoiding air lack across the foam. The upper part of the rig is capable of sliding through guides and it has been used for distributing the load pressure for the case of simple contact. At the inner section of the case a 12 V DC vent is located for driving the air flow at a fixed speed of 1 m/s. The inlet temperature was monitored using two K-type thermocouples placed near the inlet. Figure 4 shows the test section, for the case of applied load and without load. air flow at a fixed speed of 1 m/s. The inlet temperature was monitored using two K-type thermocouples placed near the inlet. Figure 4 shows the test section, for the case of applied load and without load. In Figure 5 , where a schematic representation of the test case is shown, all the key elements of the setup are indicated. In Figure 5 , where a schematic representation of the test case is shown, all the key elements of the setup are indicated. In Figure 5 , where a schematic representation of the test case is shown, all the key elements of the setup are indicated. 
Data Acquisition System
The target of our analysis was to evaluate the global heat transfer coefficient due to different kinds of contact. In order to accomplish this goal, a complex system of measurement has been developed to acquire, control and record the following parameters: (i) room temperature; (ii) aluminum plate temperature and (iii) power dissipated in the heater. In Figure 6 a schematic representation of the measurement system used for the experimentation is presented. 
The target of our analysis was to evaluate the global heat transfer coefficient due to different kinds of contact. In order to accomplish this goal, a complex system of measurement has been developed to acquire, control and record the following parameters: (i) room temperature; (ii) aluminum plate temperature and (iii) power dissipated in the heater. In Figure 6 a schematic representation of the measurement system used for the experimentation is presented. In order to guarantee stationary processes, a feedback system, based on a P.I.D. controller, was realized to keep the difference between ambient/inlet temperature and plate temperature around a constant value during the tests. In particular, the P.I.D. controller, implemented in LabView, drives a PWM generator which provides the required amount of thermal power to supply the heater in such a way to minimize the error function, defined as follows:
where is the instantaneous temperature of the aluminum plate and is the foam base temperature, given by:
Moreover, the dissipated power due to Joule effect is calculated by the direct measurement of the current flowing through the heater circuit and the voltage drop. The current intensity was determined from the knowledge of a potential difference along a shunt resistance of 0.01 Ω. All the quantities are acquired by a National Instruments data acquisition.
As a general criterion, the data acquisition of the variables of interest, namely , and , is performed when the error function is ≅ 0.1 K.
Assembly Procedure
The assembly of the experimental setup represents the preliminary phase of each of the three cases analyzed. The assembly procedure has been designed in order to ensure repeatability and reproducibility of the tests. In order to guarantee stationary processes, a feedback system, based on a P.I.D. controller, was realized to keep the difference between ambient/inlet temperature and plate temperature around a constant value during the tests. In particular, the P.I.D. controller, implemented in LabView, drives a PWM generator which provides the required amount of thermal power to supply the heater in such a way to minimize the error function, defined as follows:
where T p is the instantaneous temperature of the aluminum plate and T b is the foam base temperature, given by:
Moreover, the dissipated power Q due to Joule effect is calculated by the direct measurement of the current flowing through the heater circuit and the voltage drop. The current intensity was determined from the knowledge of a potential difference along a shunt resistance of 0.01 Ω. All the quantities are acquired by a National Instruments data acquisition.
As a general criterion, the data acquisition of the variables of interest, namely T p , T amb and Q, is performed when the error function is e ∼ = 0.1 K.
The assembly of the experimental setup represents the preliminary phase of each of the three cases analyzed. The assembly procedure has been designed in order to ensure repeatability and reproducibility of the tests.
First of all, the foam sample is placed onto the aluminum plate which is positioned onto the housing base. Second, the thermocouples are inserted within the specific holes. The upper side of the Plexiglas housing is then shifted through four pins until contact with the top face of the foam occurs. For the case of simple contact, the weight is positioned on the top of this element. Later, the two lateral sides of the housing are bolted to the main structure. Finally, the vent is positioned at the inlet of the system. Figure 7 illustrates the different phases of the assembly procedure. 
Uncertainty Analysis
The uncertainty of measurement is due to random as well as systematic errors that affect the following quantities: heat flow, temperature difference and physical dimensions. The heat losses through the insulation as well as conduction losses through the thermocouples and power supply wires were considered negligible. Thus, the uncertainty on heat flow value is due to uncertainty on the measurement of voltage drop along the heater, along the shunt resistance and on the value of the shunt resistance itself. The estimated inaccuracy for the power input is 1.59%. Moreover, the inaccuracy in temperature measurement ∆ is 0.94% and it takes into account the resolution of data acquisition unit and thermocouple calibration. The base area of the sample is estimated with an uncertainty of 0.80%. Therefore, the overall relative uncertainty of the heat transfer coefficient can be computed as follows:
As a result, a value of % = . % was obtained. 
Results

Uncertainty Analysis
The uncertainty of measurement is due to random as well as systematic errors that affect the following quantities: heat flow, temperature difference and physical dimensions. The heat losses through the insulation as well as conduction losses through the thermocouples and power supply wires were considered negligible. Thus, the uncertainty on heat flow value is due to uncertainty on the measurement of voltage drop along the heater, along the shunt resistance and on the value of the shunt resistance itself. The estimated inaccuracy u Q for the power input is 1.59%. Moreover, the inaccuracy in temperature measurement u ∆T is 0.94% and it takes into account the resolution of data acquisition unit and thermocouple calibration. The base area of the sample is estimated with an uncertainty of 0.80%. Therefore, the overall relative uncertainty of the heat transfer coefficient can be computed as follows:
As a result, a value of u U% = 2.0 % was obtained.
Results
In order to characterize the thermal behaviour of the metal foams for different contact configurations, three parameters have been analyzed, that are: (1) the dissipated power, (2) the global heat transfer coefficient and (3) the thermal contact resistance. The experimental results have been compared to those available in literature.
The global heat transfer coefficient U takes into account both contributions of contact resistance and convective resistance of the system, and it is computed as follows:
where A b is the base area of the sample, Q is the heat power input to the heater, and ∆T = (T b − T amb ) is the difference between the average temperature of the base and of the ambient. Next Figure 8 shows the average values for the amount of dissipated power as a function of differential temperature and type of contact. These values are also reported in Table 2 . where is the base area of the sample, is the heat power input to the heater, and ∆ = ( − ) is the difference between the average temperature of the base and of the ambient.
Next Figure 8 shows the average values for the amount of dissipated power as a function of differential temperature and type of contact. These values are also reported in Table 2 . From the experimental results it emerges that the dissipated power values for the cases of brazed contact and grease past contact are nearly the same in all the range of differential temperature taken into consideration. On the other hand, we notice a significant reduction of dissipated power when the simple contact between the sample and the hot plate is considered.
In addition, we notice that the percentage difference of average dissipated power, between the case of simple contact and the others, remains fairly constant with the increasing of the differential temperature. Figure 9 illustrates the global heat transfer coefficient as a function of the differential temperature and type of contact. These values are also reported in Table 3 . From the experimental results it emerges that the dissipated power values for the cases of brazed contact and grease past contact are nearly the same in all the range of differential temperature taken into consideration. On the other hand, we notice a significant reduction of dissipated power when the simple contact between the sample and the hot plate is considered.
In addition, we notice that the percentage difference of average dissipated power, between the case of simple contact and the others, remains fairly constant with the increasing of the differential temperature. Figure 9 illustrates the global heat transfer coefficient as a function of the differential temperature and type of contact. These values are also reported in Table 3 . As expected, it was found that the global heat transfer coefficient is not dependent from the imposed value of differential temperature but rather it depends only on the type of contact. In particular, it was observed that the average value of U is nearly the same for the cases of brazed (U = 224 W/m 2 K) and grease paste (U = 225 W/m 2 K) contact. For the simple contact case instead, there was a significant drop in the average value of global heat transfer coefficient (U = 127 W/m 2 K). These results demonstrate that the global heat transfer coefficient increases of about 80% when a brazing contact or a grease paste contact is used.
Experimental activities have therefore shown that is possible to arrive to the same results in the brazed contact and grease paste contact configurations. This is due to a considerable reduction of the contact resistance between the foam and the hot plate, compared to the simple contact. So the global heat transfer coefficient (U) becomes depending of the forced convection heat coefficient alone, thanks to a considerably greater conductive heat transfer section between the foam and the hot plate. The results also agree with the other literature results [32] . Fiedler el al. studied the effect of pressure contact on the thermal resistance. Fiedler found that only relatively small changes in the contact resistances can be observed over a certain value of the pressure, reaching a saturation value of the thermal exchange.
The evaluated value of U for the brazed contact case is in good agreement with the one obtained by application of the empirical correlation provided by Mancin et al. [33] . In this case, a value of As expected, it was found that the global heat transfer coefficient is not dependent from the imposed value of differential temperature but rather it depends only on the type of contact. In particular, it was observed that the average value of U is nearly the same for the cases of brazed (U = 224 W/m 2 K) and grease paste (U = 225 W/m 2 K) contact. For the simple contact case instead, there was a significant drop in the average value of global heat transfer coefficient (U = 127 W/m 2 K). These results demonstrate that the global heat transfer coefficient increases of about 80% when a brazing contact or a grease paste contact is used.
The evaluated value of U for the brazed contact case is in good agreement with the one obtained by application of the empirical correlation provided by Mancin et al. [33] . In this case, a value of 252.15 (W/m 2 K) was found. The percentage difference between this value and the one estimated in the present work is about 10%.
To further validate the results, a comparison has been made with the model proposed by Ghosh [34] , in which an heat transfer correlation for high-porosity open-cell foams was developed. In particular, he proposed a correlation for the computation of the Nusselt number based on the fibre diameter of the foam. Such a model assumes porous media as a continuously connected structured with the total amount of heat being transferred from the foam base. For this reason, this model is suitable to approximate the case of brazed contact. By applying Ghosh's formula, it was obtained a value of Nu ≈ 4.06. On the other hand, evaluating the Nusselt number by the following relation:
where k f = 0.026 W/mK is the thermal conductivity of the air, it was obtained, for the case of brazed contact, a value of Nu equal to 4.31. The two results are close to each other, confirming the validity of the global heat transfer coefficient predicted by the experimental analysis.
Results have been also analyzed in term of global thermal resistance, which is defined as follows:
In particular, such a parameter is composed of the sum of two contributions, which are the thermal contact resistance R c and the thermal convective resistance R h : Figure 10 shows the global thermal resistance trends obtained through our experimental setup, for the three cases analyzed, as a function of the differential temperature imposed. Results have been also analyzed in term of global thermal resistance, which is defined as follows:
In particular, such a parameter is composed of the sum of two contributions, which are the thermal contact resistance Rc and the thermal convective resistance Rh: Figure 10 shows the global thermal resistance trends obtained through our experimental setup, for the three cases analyzed, as a function of the differential temperature imposed. Similarly to the global heat transfer coefficient, the global thermal resistance varies depending on the type of contact adopted. In particular, no substantial differences exist between the case of brazed and grease paste contacts, for which an average value of Rg = 1.8 K/W was found. On the Similarly to the global heat transfer coefficient, the global thermal resistance varies depending on the type of contact adopted. In particular, no substantial differences exist between the case of brazed and grease paste contacts, for which an average value of R g = 1.8 K/W was found. On the contrary, for the simple contact case we report a much higher average value of global thermal resistance (R g = 3.2 K/W).
Thermal Contact Resistance Evaluation
In order to understand the impact of each contribution composing the global thermal resistance and to estimate the value of the TCR, the following model is proposed.
Referring to R g1 , R g2 and R g3 as the global thermal resistances related to the cases of brazing, grease paste and simple contact, respectively, it is possible to decompose each of such quantities as follows:
In the set of Equations (8)- (10) we distinguish the contribution of R c by adopting a different nomenclature depending on the nature of the thermal contact resistance. Therefore, in relations (9) and (10), it is indicated with TCR the thermal contact resistance associated with the pure contact between foam and hot plate. With R brazing and R paste , in Equations (8) and (9), it is indicated, instead, the thermal contact resistance contribution due to the presence of a brazing layer and a grease paste layer, between foam and hot plate, respectively. In particular, adopting an electrical analogy, it is possible to assume that the resistance related to grease paste and pure contact are connected in parallel. On the contrary, since the brazing alloy is concentrated in the regions around the metal foam pins, we assume such a resistance to be connected in series with that associated to the pure contact.
Moreover, the resistance R paste can be evaluated as follows:
where t represents the reference thickness of the grease paste layer. By considering that, as already mentioned in Section 2.1, 3 g of paste were used, the estimated value for the layer thickness is approximately equal to 0.5 mm. Although the grease paste is uniformly spread on the metal foam support, we remark that this value represents only an estimation, since unavoidable non-uniformities occur during the assembly procedure. With the thickness of grease paste layer defined, it is then possible to evaluate the resistance contribution R paste through Equation (11), which results to be equal to 0.04 K/W. By assuming that the contribution due to convective resistance is the same for all the cases analyzed, namely R h1 = R h2 = R h3 = R h , we can then solve system of Equations (8)- (10), where the three unknown are R brazing , R h and TCR. As a result, we obtain:
The obtained results are reported together with the values of the global thermal resistance in the diagram representation of Figure 11 . The thermal contact resistance associated to the simple contact solution is significantly higher than those related to brazed and grease paste contact. Its value is indeed comparable to that related to the convective resistance, for the same type of contact. On the contrary, the thermal contact resistance for the cases of brazing and grease paste is negligible with respect to the global thermal resistance. On the light of these considerations, it is possible to conclude that the dependence of the global thermal resistance from the type of contact is leaded mainly by the effect of the contact resistance Rc. In particular, the results show that the simple contact is less efficient, in terms of heat transfer performance, than the other two types of contact considered.
Conclusions
In this study, an experimental analysis on high porosity aluminum open-cell foams in forced convection was carried out. In particular, the effects, in terms of heat transfer performances, due to the thermal contact resistance, for a wide range of differential temperature between sample base and external ambient were investigated. Three different types of contacts between the sample and the heated plate were analyzed: simple contact, brazed contact and grease paste contact.
As expected, the measured global heat transfer coefficient was found to be not dependent from the differential temperature imposed between the metal foam and the ambient, for each case of contact considered. Results show that the simple contact solution is the less efficient, since the average global heat transfer coefficient evaluated for this case is the lowest. On the contrary, higher thermal performances can be achieved for a metal foam by ensuring a brazed or a grease paste contact. In particular, our analysis shows that no substantial differences exist between the case of brazed contact and grease paste contact, in terms of heat transfer performances. The global heat transfer coefficient for these two cases was found to be almost the double than the one obtained for the simple contact case. The thermal contact resistance associated to the simple contact solution is significantly higher than those related to brazed and grease paste contact. Its value is indeed comparable to that related to the convective resistance, for the same type of contact. On the contrary, the thermal contact resistance for the cases of brazing and grease paste is negligible with respect to the global thermal resistance. On the light of these considerations, it is possible to conclude that the dependence of the global thermal resistance from the type of contact is leaded mainly by the effect of the contact resistance R c . In particular, the results show that the simple contact is less efficient, in terms of heat transfer performance, than the other two types of contact considered.
As expected, the measured global heat transfer coefficient was found to be not dependent from the differential temperature imposed between the metal foam and the ambient, for each case of contact considered. Results show that the simple contact solution is the less efficient, since the average global heat transfer coefficient evaluated for this case is the lowest. On the contrary, higher thermal performances can be achieved for a metal foam by ensuring a brazed or a grease paste contact.
In particular, our analysis shows that no substantial differences exist between the case of brazed contact and grease paste contact, in terms of heat transfer performances. The global heat transfer coefficient for these two cases was found to be almost the double than the one obtained for the simple contact case.
